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Abstract
Anomalies in semi-leptonic B decays could indicate new physics beyond the standard model(SM). There is an older
puzzle in non-leptonic B → Kπ decays. The new particles, leptoquarks and diquarks, required to solve the semi-
leptonic and the non-leptonic puzzles can also generate neutrino masses and mixing at loop level. We show that a
consistent framework to explain the B anomalies and the neutrino masses is possible and we make predictions for
certain rare nonleptonic B decays.
1datta@phy.olemiss.edu
2divyasachdeva951@gmail.com
3jvwaite@go.olemiss.edu
1 Introduction
Searching for beyond the SM (BSM) physics has been the primary focus of the high energy community. Rare B decays
have been widely studied to look for BSM effects. Because these decays get small SM contributions, new physics
(NP) can compete with the SM and produce deviations from SM predictions. Over the last few years measurement
in certain B decays have shown deviations from the SM. These deviations are observed in two groups- in charged
current (CC) processes mediated by the b→ cτ−ν¯ tansitions and in the neutral current (NC) processes mediated by
b→ sℓ+ℓ− transition with ℓ = µ, e. We will focus here on the NC anomalies although it is possible that the CC and
the NC anomalies are related [1] but we will not explore that possibility here.
Let us start with the b → sℓ+ℓ− decays which are fertile grounds to look for new physics effects [2, 3]. In
b→ sµ+µ− transitions there are discrepancies with the SM in a number of observables in B → K∗µ+µ− [4, 5, 6, 7, 8]
and B0s → φµ+µ− [9, 10].
There are also measurements that are different from the SM expectations that involve ratios of b→ sµ+µ− and
b→ se+e− transitions. These measured quantities are tests of Lepton Universality Violation (LUV) and are defined
as RK ≡ B(B+ → K+µ+µ−)/B(B+ → K+e+e−) [11, 12] and RK∗ ≡ B(B0 → K∗0µ+µ−)/B(B0 → K∗0e+e−)
[13, 14].
While the discrepancies in b → sµ+µ− can be understood with lepton universal new physics[15], hints of LUV
in RK and R
∗
K require NP that couple differently to the lepton generations. A well studied scenario is to assume
NP coupling dominantly to the muons though NP coupling to electrons is not ruled out [16, 17]. The b → sµ+µ−
transitions are defined via an effective Hamiltonian with vector and axial vector operators:
Heff = −αGF√
2π
VtbVts∗
∑
a=9,10
(CaOa + C
′
aO
′
a) ,
O9(10) = [s¯γµPLb][µ¯γ
µ(γ5)µ] , (1)
where the Vij are elements of the Cabibbo-Kobayashi-Maskawa (CKM) matrix and the primed operators are obtained
by replacing L with R. It is assumed Wilson coefficients (WCs) include both the SM and NP contributions: CX =
CX,SM + CX,NP. One now fits to the data to extract CX,NP. There are several scenarios that give a good fit to the
data and results of recent fits can be found Ref. [18, 19, 20, 21, 17]. One of the popular scenario is Cµµ9,NP = −Cµµ10,NP
which can arise from the tree level exchange of leptoquarks (LQ) or a Z ′ which may be heavy [22, 23, 24] or light
[25, 16, 26, 27, 28, 29]. Here we will focus on the LQ solution and there are three types of LQ that can generate this
scenario. They are a SU(2)L-triplet scalar (S3), a SU(2)L-singlet vector (U1), and a SU(2)L-triplet vector (U3) and
we will focus on the S3 which along with diquarks can be used to generate neutrino masses at loop level [30, 31].
To generate the neutrino masses, one can fix the S3 couplings by a fit to the b → sℓ+ℓ− data and then the diquark
couplings are constrained from the neutrino parameters. In this paper we point out that the diquark couplings can
be fixed from nonleptonic B decays and now one can check whether the correct neutrino masses and mixings are
reproduced. In other words we are looking for a consistent framework with leptoquarks and diquarks that can explain
the semileptonic and nonleptonic B measurements and neutrino masses and mixing.
The observations that we will use for the nonleptonic decays are the set of B → πK decays. These are penguin
dominated nonleptonic b decays and have been studied extensively. The decays in the set include B+ → π+K0
(designated as +0 ), B+ → π0K+ (0+), B0 → π−K+ (−+) and B0 → π0K0 (00). Their amplitudes are not
independent, but obey a quadrilateral isospin relation:
√
2A00 +A−+ =
√
2A0+ +A+0 . (2)
Using these decays, nine observables have been measured: the four branching ratios, the four direct CP asymmetries
ACP , and the mixing-induced indirect CP asymmetry SCP in B
0 → π0K0. Shortly after these measurements were
first made (in the early 2000s), it was noted that there was an inconsistency among them. This was referred to as
the “B → πK puzzle” [32, 33, 34, 35].
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Recently the fits were updated [36, 37, 38]. In Ref. [36] it was observed that the key input to understanding the
data was the ratio of the color suppressed tree amplitude (C′) to the color allowed (T ′) amplitude. Theoretically,
this ratio is predicted to be 0.15 <∼ |C′/T ′| <∼ 0.5 [39] with a default value of around 0.2. It was found that for a
large |C′/T ′| = 0.5, the SM can explain the data satisfactorily. However, with a small, |C′/T ′| = 0.2, the fit to the
data has a p-value of 4%, which is poor. Hence, if |C′/T ′| is small, the SM cannot explain the B → πK puzzle –
NP is needed. The precise statement of the situation is then, the measurements of B → πK decays allow for NP
and so in this paper we will assume there is NP in these decays. There are two types of NP mediators that one can
consider for the B → πK decays. One is a Z ′ boson that has a flavor-changing coupling to s¯b and also couples to
u¯u and/or d¯d. The second option is a diquark that has db and ds couplings or ub and us couplings. We will focus
on the diquark explanation as the diquarks can contribute to neutrino masses.
The paper is organized in the following manner. In section 2 we describe the setup with leptoquarks and diquarks
that leads to neutrino masses and mixing at the loop level. In that section we also discuss the low energy constraints
for the leptoquark Yukawa couplings including the b → sℓ+ℓ− data. In section 3 we explore the B → πK decays
mediated by the exchange of diquarks and we consider the constraints on the diquark Yukawa couplings from the
B → πK decays and meson oscillations. In section 4 we consider the collider constraints on the diquark and
leptoquarks coupling and masses and we give a scan of all their couplings that satisfy all the constraints and generate
the correct neutrino masses and couplings. For a few benchmark cases we present explicit expressions for the diquark
and the leptoquark Yukawa couplings and predict the branching ratios for the rare decays B → φπ and B → φφ.
Finally in section 5 we present our conclusions.
2 Colored Zee Babu Model
We briefly summarise the main features of the colored Zee Babu Model [40, 30] that are central to our idea. The
model includes a scalar leptoquark S3L(with lepton number 1) of mass mL and a scalar diquark SD of mass mS
transforming as4 (3, 3,−1/3) and 5 (6, 1,−2/3) respectively under SM gauge group SU(3)c × SU(2) × U(1)Y with
Q = T3 + Y . The baryon number of S3L is taken to be 1/3 whereas SD is assigned 2/3. With this assignment of
baryon number, the baryon conservation is automatic and thus the proton decay is forbidden. The lepton number is
softly broken through a trilinear term thereby generating Majorana neutrino mass.
With the particle content discussed above, the interaction lagrangian is given as
Lint = −Y ijl Lci i σ2Qαj Sα∗3L − Y ijd dαciR dβjR Sαβ∗D + µSα∗3L Sβ∗3L SαβD + (h.c.), (3)
where α, β = r, b, g are SU(3)c indices, i, j = 1, 2, 3 are generation indices, the diquark coupling matrix, Y
ij
d , is
symmetric complex matrix whereas the leptoquark coupling matrix, Y ijl , is general complex matrix. The leptoquark
couples to leptons and quarks as
√
2νiL ujL −
√
2eiL djL + νiL djL + eiL ujl. Note that, in equation 3, we can also
have additional scalar interaction terms(not relevant to our analysis), such as
λ1Φ
†ΦTr(S†3LS3L) + λ2Tr(Φ
†S3LS
†
3LΦ)
where Φ is Higgs doublet. These terms give rise to splitting in the mass of S3L particles, comprising three states
of different electric charges −4/3, −1/3 & 2/3, and thus contribute to the oblique corrections[41]. To avoid that,
we assume λ1,2 = 0 such that all S3L particles/states have same mass, mL. Along with this, there are quartic and
4The choice (3, 1,−1/3) is also possible as it couples neutrinos to down type quarks but will not explain RK and R
∗
K
anomaly as this
scalar couples up-type quarks to charged leptons.
5Note that if we had chosen diquark to be (3, 1,−2/3), Yd and, hence, neutrino mass matrix would be antisymmetric.
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quadratic terms of these scalars. We assume that their coefficients are adjusted such that only the Higgs doublet
gets the vev and the potential is bounded from below.
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Figure 1: The two loop neutrino mass generated by (3, 3,−1/3) leptoquark and (6, 1,−2/3) diquark.
The above lagrangian can generate majorana neutrino mass at two loop as depicted in the Fig. 1. The resultant
neutrino matrix is given as [42, 30],
M i jν = 24µY
ik
l m
kl
d Y
lm
d I
lmmmnd Y
nj
l , (4)
where Ikl is a loop integral, which in the limit of large leptoquark and diquark masses simplifies to
Ikl ≃ 1
(4π)4
1
m2L
I˜
(
m2S
m2L
)
, (5)
with
I˜(r) =
∫ 1
0
dx
∫ 1−x
0
dy
1
x+ y(y + r − 1) ln
(
x+ ry
y(1− y)
)
, (6)
and md is 3×3 diagonal mass matrix for down-type quarks. Note that we have chosen diagonal bases of the mass
matrix for down type quarks and charged leptons. Hence, to obtain the correct masses of neutrino, we need to
diagonalise the mass matrix, Mν by the PMNS matrix U as
mν = U†MνU . (7)
The standard parametrization is adopted such that
U =


1 0 0
0 c23 s23
0 −s23 c23




c13 0 s13e
−iδ
0 1 0
−s13eiδ 0 c13




c12 s12 0
−s12 c12 0
0 0 1




1 0 0
0 eiα21/2 0
0 0 eiα31/2


(8)
where cij and sij represent cos θij and sin θij , respectively. In the case of Majorana neutrinos, α21 and α31 are the
extra CP phases that cannot be determined by the oscillation experiments. However, these phases could be sensitive
to the upcoming neutrinoless double beta decay searches.
It should be noted that the mass dimension 1 parameter, µ, is constrained by demanding the perturbativity of the
theory. The trilinear term in the equation 3 generates one-loop corrections to leptoquark and diquark masses. These
corrections(∆m2) are, in general, proportional to
µ2
16π2
. Requiring corrections to be smaller than the corresponding
masses implies µ≪ 4πmS/L[42]. As various collider searches, discussed in section 5, do not allow the scalar masses
to be smaller than 1 TeV, we take µ from 0.1 - 1 TeV and this choice commensurate with the above constraints.
Having discussed the details of the model, next, we list all the possible constraints, coming from various experi-
ments on Leptoquark and Diquark coupling matrices.
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3 Leptoquarks
• Lepton flavour violation at tree level: Collider searches of leptoquarks indicate that they are heavy. So
we can study their low energy effects by writing 4-Fermi operators of two leptons-two quarks. Using Fierz
rearrangement, we get
Y ikl Y
jn∗
l
2m2L
(liγ
µPLlj)(qkγµPLqn) + h.c
as an effective operator where l and q denote leptons and quarks. These are organized in terms of the four-Fermi
effective interactions with normalised dimensionless Wilson coefficients as
Heff =
∑
ijkn
Y ikl Y
jn∗
l
2m2L
Oijkn = −4GF√
2
∑
ijkn
CijknOijkn
. In Ref.[43], constraints on such operators have been extensively studied. Keeping in mind that Y ijl should be
able to explain small neutrino mass, following are the most crucial operators related to our work
– (eiγ
µPLej)(dγµPLd) - The µ−e conversion in nuclei sets a bound on the Wilson coefficient of this operator,
i.e
C1211 =
∣∣∣∣∣ Y
11
l Y
21∗
l
4
√
2GFm2L
∣∣∣∣∣ < 8.5× 10−7. (9)
– (µγµPLe)(dγµPLs) - The bound from the decay K
◦ → e+µ− sets a bound on C1212
C1212 =
∣∣∣∣∣ Y
12
l Y
21∗
l
4
√
2GF m2L
∣∣∣∣∣ < 3.0× 10−7. (10)
– (νiγ
µPLνj)(dkγµPLdl) - The constraint on the K meson decay to pion and neutrinos(νiνj) sets another
bound:
Cij12 =
∣∣∣∣∣ Y
i1
l Y
j2∗
l
4
√
2GF m2L
∣∣∣∣∣ < 9.4× 10−6, (11)
Apart from this, we have also taken care of all the relevant Wilson coefficients mentioned in Ref.[43].
• Lepton flavour violation(LFV) radiative decay: The LFV radiative decays li → ljγ are induced at one
loop by the exchange of a leptoquark S3L with the branching ratio [41]:
BR(ℓi → ℓjγ) ≃ 3αχi
256πG2F
1
m4L
∣∣(YlY †l )ij ∣∣2 (12)
where α =
e2
4π
, χµ = 1 and χτ = 1/5. In the case of τ lepton, there are two leptonic modes and hadronic modes
can be approximated by a single partonic mode(with three colors). Hence there is a factor of 5 difference in µ
and τ -lepton branching ratio. The current experimental bounds[44, 45] are
– BR(µ→ eγ) < 4.2× 10−13,
– BR(τ → µγ) < 4.4× 10−8,
– BR(τ → eγ) < 3.3× 10−8.
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• b→ sℓ+ℓ− anomalies: As discussed in the introduction one can do fits to the b→ sℓ+ℓ− data and scenarios
in terms of Wilson’s co-efficients that give a good description of the data. In the above set up, the exchange of
the S3L leptoquark at tree level contributes to the decay b → sℓ+ℓ−, and in particular generates the scenario
Cµµ9,NP = −Cµµ10,NP. The effective Hamiltonian describing the decay is parameterized as,
Heff = −4GF√
2
α
4π
VtbVts∗
∑
i
Ci(µ)Oi(µ) + h.c., (13)
where Oi(µ) are effective operators with Wilson coefficients Ci(µ) renormalized at the scale µ. For the model
under consideration, only the operators Oℓi9 = (s¯γµPLb)(ℓ¯iγµℓi) and Oℓi10 = (s¯γµPLb)(ℓ¯iγµγ5ℓi) are induced.
Using Fierz identity, we obtain the following Wilson coefficients
Cℓi9 = −Cℓi10 = −
√
2π
4αGFm2L
(Y i3l )(Y
i2∗
l )
VtbVts∗
, (14)
Assuming new physics only in the muon sector, a model independent analysis on the above operators [17] from
the RK , R
∗
K , P
′
5 and other observables suggests that
Cµµ9 (NP) = −0.53± 0.08.
4 Diquark
4.1 Nonleptonic Decays and the B → piK Puzzle
In the Standard Model (SM) the amplitudes for hadronic B decays of the type b→ qf¯f are generated by the following
effective Hamiltonian
Hqeff =
GF√
2
[VfbV
∗
fq(c1O
q
1f + c2O
q
2f )−
10∑
i=3
VtbV
∗
tqc
t
iO
q
i ] +H.C. , (15)
where the superscript t indicates the internal quark, f can be u or c quark. q can be either a d or a s quark depending
on whether the decay is a ∆S = 0 or ∆S = −1 process. The operators Oqi are defined as
Oqf1 = q¯αγµLfβ f¯βγ
µLbα , O
q
2f = q¯γµLff¯γ
µLb ,
Oq3,5 = q¯γµLbq¯
′γµL(R)q′ , Oq4,6 = q¯αγµLbβ q¯
′
βγ
µL(R)q′α , (16)
Oq7,9 =
3
2
q¯γµLbeq′ q¯
′γµR(L)q′ , Oq8,10 =
3
2
q¯αγµLbβeq′ q¯
′
βγ
µR(L)q′α ,
where R(L) = 1 ± γ5, and q′ is summed over u, d, s, c and b. O2 and O1 are the tree level and QCD corrected
operators, respectively. O3−6 are the strong gluon induced penguin operators, and operators O7−10 are due to γ
and Z exchange (electroweak penguins), and “box” diagrams at loop level. The Wilson coefficients cfi are defined at
the scale µ ≈ mb and have been evaluated to next-to-leading order in QCD. The cti are the regularization scheme
independent values and can be found in Ref. [39].
The diquarks discussed in section. 2 in the context of neutrino mass generation can contribute to the B → πK
decays and we can write down the new physics operators that will be generated by a 6 or 3 diquark [46]. In the
general case we get the effective Hamiltonian for b quark decays b→ d¯idjdk as,
Hd
NP
= Xd d¯α,kγµ(1 + γ
5)bα d¯β,jγ
µ(1 + γ5)dβ,i, (17)
where the superscript d in Xd equals 6 or 3 corresponding to the color sextet or the anti-triplet diquark. The greek
subscripts represent color and the latin subscripts the flavor. We have
Xd = −Y
d
i3Y
∗d
jk
4m2S
, (18)
5
where the Yukawa Y are symmetric for the sextet diquark and antisymmetric for the ant-triplet diquark and we have
assumed the same masses for the diquarks.
For b decays of the type b→ s¯ss the diquark contribution is tiny as the effective Hamiltonian is proportional to
Y d22 which vanishes for the 3 diquark and is highly suppressed from K and B mixing for the sextet diquark. Similarly
the b→ d¯dd transition is proportional to Y d11, which is also small.
For b→ sd¯d( b→ d¯sd and b→ d¯ds) transitions we have the following Hamiltonian
Hd
NP
= Xd s¯αγµ(1 + γ
5)bα d¯βγ
µ(1 + γ5)dβ +X
d
C s¯αγµ(1 + γ
5)bβ d¯βγ
µ(1 + γ5)dα, (19)
with
Xd = −Y
d
13Y
∗d
12
4m2S
,
XdC = −
Y d13Y
∗d
21
4m2S
, (20)
and
X3 = −X3C ,
X6 = X6C . (21)
We can rewrite the effective Hamiltonian after a color Fierz transformation as
Hd
NPF
= X i d¯βγµ(1 + γ
5)bα s¯αγ
µ(1 + γ5)dβ +X
i
C d¯βγµ(1 + γ
5)bβ s¯αγ
µ(1− γ5)dα. (22)
The only other unsuppressed transition is b→ ss¯d( b→ s¯sd and b→ s¯ds) which has the effective Hamiltonian,
Hd
NP
= Xd s¯αγµ(1 + γ
5)bα d¯βγ
µ(1 + γ5)sβ +X
d
C s¯αγµ(1 + γ
5)bβ d¯βγ
µ(1 + γ5)sα, (23)
with
Xd = −Y
d
23Y
∗d
12
4m2S
,
XdC = −
Y d23Y
∗d
21
4m2S
, (24)
In this case at the meson level we can have the decays B → φπ and the annhilation decays B → φφ. These decays
are highly suppressed in the SM and the observance of these decays could signal the presence of diquarks
4.2 Naive B → piK Puzzle
We begin by reviewing the B → πK puzzle. As in Ref. [36] we can analyze the B → πK decays in terms of topological
amplitudes. Including only the leading diagrams the B → πK amplitudes become
A+0 = −P ′tc ,√
2A0+ = −T ′eiγ + P ′tc − P ′EW ,
A−+ = −T ′eiγ + P ′tc ,√
2A00 = −P ′tc − P ′EW . (25)
Here, T ′ is the color allowed tree amplitude, P ′tc is the gluonic penguin amplitude and P
′
EW is the color allowed
electroweak penguin amplitude. Furthermore in the SU(3) limit the T ′ and P ′EW are proportional to each other and
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so have the same strong phases. Now consider the direct CP asymmetries of B+ → π0K+ and B0 → π−K+. Such
CP asymmetries are generated by the interference of two amplitudes with nonzero relative weak and strong phases.
In both A0+ and A−+, T ′-P ′tc interference leads to a direct CP asymmetry. On the other hand, in A
0+, P ′EW and
T ′ have the same strong phase (P ′EW ∝ T ′ , while P ′EW and P ′tc have the same weak phase (= 0), so that P ′EW does
not contribute to the direct CP asymmetry. This means that we expect ACP (B
+ → π0K+) = ACP (B0 → π−K+).
The latestB → πK measurements are shown in Table 1. Not only areACP (B+ → π0K+) and ACP (B0 → π−K+)
not equal, they are of opposite sign! Experimentally, we have (∆ACP )exp = (12.2 ± 2.2)%. This differs from 0 by
5.5σ. This is the naive B → πK puzzle.
Mode BR[10−6] ACP SCP
B+ → π+K0 23.79± 0.75 −0.017± 0.016
B+ → π0K+ 12.94± 0.52 0.040± 0.021
B0 → π−K+ 19.57± 0.53 −0.082± 0.006
B0 → π0K0 9.93± 0.49 −0.01± 0.10 0.57± 0.17
Table 1: Branching ratios, direct CP asymmetries ACP , and mixing-induced CP asymmetry SCP (if applicable) for
the four B → πK decay modes. The data are taken from Ref. [47].
4.3 Model-independent new physics formalism
In the general approach of Ref. [48, 49], the NP operators that contribute to the B → πK amplitudes take the form
Oij,qNP ∼ s¯Γib q¯Γjq (q = u, d), where Γi,j represent Lorentz structures, and color indices are suppressed. The NP
contributions to B → πK are encoded in the matrix elements 〈πK| Oij,qNP |B〉. In general, each matrix element has
its own NP weak and strong phases.
Note that the strong phases are basically generated by QCD rescattering from diagrams with the same CKM
matrix elements. One can argue that the strong phase of T ′ is expected to be very small since it is due to self-
rescattering. For the same reason, all NP strong phases are also small, and can be neglected. In this case, many NP
matrix elements can be combined into a single NP amplitude, with a single weak phase:∑
〈πK| Oij,qNP |B〉 = AqeiΦq . (26)
Here the strong phase is zero. There are two classes of such NP amplitudes, differing only in their color structure:
s¯αΓibα q¯βΓjqβ and s¯αΓibβ q¯βΓjqα (q = u, d). They are denoted A′,qeiΦ′q and A′C,qeiΦ′Cq , respectively [49]. Here, Φ′q
and Φ′Cq are the NP weak phases. In general, A′,q 6= A′C,q and Φ′q 6= Φ′Cq . Note that, despite the “color-suppressed”
index C, the matrix elements A′C,qeiΦ′Cq are not necessarily smaller than A′,qeiΦ′q .
There are therefore four NP matrix elements that contribute to B → πK decays. However, only three combina-
tions appear in the amplitudes: A′,combeiΦ′ ≡ −A′,ueiΦ′u +A′,deiΦ′d , A′C,ueiΦ′Cu , and A′C,deiΦ′Cd [49]. The B → πK
amplitudes can now be written in terms of the SM diagrams and these NP matrix elements. Here we neglect the
7
small SM diagram P ′uc but include the color suppressed amplitudes:
A+0 = −P ′tc −
1
3
P ′CEW +A′C,deiΦ
′C
d ,
√
2A0+ = P ′tc − T ′ eiγ − P ′EW − C′ eiγ −
2
3
P ′CEW +A′,combeiΦ
′ −A′C,ueiΦ′Cu ,
A−+ = P ′tc − T ′ eiγ −
2
3
P ′CEW −A′C,ueiΦ
′C
u ,
√
2A00 = −P ′tc − P ′EW − C′ eiγ −
1
3
P ′CEW +A′,combeiΦ
′
+A′C,deiΦ′Cd . (27)
We can express the various matrix elements as
A′C,deiΦ′Cd =
√
2
〈
π0K0
∣∣Hd
NPF
∣∣B0〉 = 〈π+K0∣∣Hd
NPF
∣∣B+〉 ,
A′C,ueiΦ′Cu = −
√
2
〈
π0K+
∣∣Hu
NPF
∣∣B+〉 = 〈π−K+∣∣Hu
NPF
∣∣B0〉 ,
A′,combeiΦ′ =
√
2
〈
π0K+
∣∣ [Hu
NP
+Hd
NP
] ∣∣B+〉 = √2 〈π0K0∣∣ [Hu
NP
+Hd
NP
] ∣∣B0〉 . (28)
In our model Hu
NP
and Hu
NPF
are absent while Hd
NP
and Hd
NPF
are defined in Eq. 19 and Eq. 22. In the factorization
assumption and using Eq. 19 and Eq. 22 we get the following results for the non-zero amplitudes,
A′C,deiΦ′Cd =
[
X6 −X3 + X
6 +X3
Nc
] 〈
π+
∣∣ d¯βγµ(1 + γ5)bβ ∣∣B+〉 〈K0∣∣ s¯αγµ(1 + γ5)dα |0〉 ,
A′,deiΦ′d =
√
2
[
X6 +X3 +
X6 −X3
Nc
] 〈
K+
∣∣ s¯βγµ(1 + γ5)bβ ∣∣B+〉 〈π0∣∣ d¯αγµ(1 + γ5)dα |0〉 . (29)
In Ref. [50], a different set of NP operators is defined:
P ′EW,NP e
iΦ′EW ≡ A′,ueiΦ′u −A′,deiΦ′d ,
P ′NP e
iΦ′P ≡ 1
3
A′C,ueiΦ′Cu + 2
3
A′C,deiΦ′Cd ,
P ′CEW,NP e
iΦ′CEW ≡ A′C,ueiΦ′Cu −A′C,deiΦ′Cd . (30)
In this case we have
P ′EW,NP e
iΦ′EW ≡ −A′,deiΦ′d ,
P ′NP e
iΦ′P ≡ 2
3
A′C,deiΦ′Cd = −(2/3)P ′CEW,NP
P ′CEW,NP e
iΦ′CEW ≡ −A′C,deiΦ′Cd . (31)
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NP fit (1): χ2/d.o.f. = 3.75/4,
p-value = 0.44
Parameter Best-fit value
γ (67.5± 3.4)◦
β (21.80± 0.68)◦
Φ′ (37.0± 12.6)◦
|T ′| 19.1± 2.8
|P ′tc| 48.7± 1.2
P ′EW,NP 8.6± 2.5
P ′CEW,NP 2.7± 1.1
δP ′tc (−4.0± 1.1)◦
δC′ (−60.0± 115.6)◦
NP fit (2): χ2/d.o.f. = 3.82/4,
p-value = 0.43
Parameter Best-fit value
γ (74.7± 5.2)◦
β (21.80± 0.68)◦
Φ′ (18.7± 33.9)◦
|T ′| 19.7± 7.1
|P ′tc| 45.5± 3.9
P ′EW,NP 6.7± 3.9
P ′CEW,NP 6.5± 3.7
δP ′tc (−4.0± 2.0)◦
δC′ (−48.9± 23.5)◦
Table 2: χ2min/d.o.f. and best-fit values of unknown parameters for the Diquark model where the Fit 1 has X
6 = X3,
and Fit 2 hasX3 = 0. Constraints: B → πK data, measurements of β and γ, |C′/T ′| = 0.2, |P ′CEW,NP /P ′EW,NP | = 0.3
(Fit 1), and |P ′CEW,NP /P ′EW,NP | = 1 (Fit 2).
We consider two models, the first with
X6 = X3 (32)
This leads to P ′CEW,NP /P
′
EW,NP =
1
3 with both amplitudes having the same weak phase.
P ′EW,NP e
iΦ′EW ≡ Y
6
d13Y
∗6
d12
4m2S
√
2
〈
K+
∣∣ s¯βγµ(1 + γ5)bβ ∣∣B+〉 〈0| s¯αγµ(1 + γ5)dα ∣∣K0〉 ,
P ′NP e
iΦ′P ≡ 2
3
A′C,deiΦ′Cd = −(2/3)P ′CEW,NP
P ′CEW,NP e
iΦ′CEW ≡ −A′C,deiΦ′Cd = P ′EW,NP eiΦ
′
EW /3 . (33)
The second model has
X3 = 0 (34)
This leads to P ′CEW,NP /P
′
EW,NP = 1, again with both amplitudes having the same weak phase.
A χ2 fit for the new physics within this scenario is performed to determine the parameters of the model. The
9
procedure for deterimining such a fit is as follows. We define the function
χ2 =
N∑
i=1
(Oexp −Oth
∆Oexp
)2
(35)
where Oexp and ∆Oexp are the experimentally determined quantities with their associated uncertainties, respectively,
as listed in Table 1. Oth are determined from the model and are thus functions of the unknown parameters. The goal
from here is to find the values of the parameters that minimize χ2. There are many programs available to accomplish
this, one of the most widely used is MINUIT [51], which is used here. The goodness of the fit is determined by
the value of χ2 at the minimum and the number of degrees of freedom in the fit. The degrees of freedom are the
number of constraints included in the fit minus the number of parameters that are fitted. In this case the number
of constraints is 13: the B → πK data, the independent measurements of β and γ, and the constraints on |C′/T ′|
and |P ′CEW,NP /P ′EW,NP |. The number of parameters is nine and we have that the number of degrees of freedom are
four. A “good” fit is one where χ2min ≈ d.o.f., but a better measure is the p-value which gives the probablility that
the model tested adequately describes the observations.
The results of the fit for this case are shown in Table 2. Here the p-value is 44% for X6 = X3, and 43% for
X3 = 0, which is not bad (and is far better than that of the SM).
The SM T ′ diagram involves the tree-level decay b¯ → u¯W+∗(→ us¯ = K+). The NP P ′EW,NP diagram looks
very similar and is expressed relative to the T ′ diagram. Within factorization, the SM and NP diagrams involve
AπK ≡ FB→π0 (0)fK and AKπ ≡ FB→K0 (0)fπ, respectively, where FB→K,π0 (0) are form factors and fπ,K are decay
constants. The hadronic factors are similar in size: |AKπ/AπK | = 0.9± 0.1 [39]. Taking central values for X6 = X3,
we have [36]
Φ′ = Arg[Y 6d13Y
∗6
d12]∣∣∣∣P
′
EW,NP
T ′
∣∣∣∣ ≃ 2AKπ|X3|AπK(GF /√2)|Vub∗Vus| =
8.6
19.1
=⇒
∣∣∣∣Y 6d13Y ∗6d122m2S
∣∣∣∣ = (3.4± 1.2)× 10−3 TeV−2 . (36)
For X3 = 0 we obtain ∣∣∣∣Y 6d13Y ∗6d122m2S
∣∣∣∣ = (2.6± 1.8)× 10−3 TeV−2 (37)
Both models give similar fits and in Fig. 2 we show the allowed regions of the diquark couplings within a one σ range
for the first model.
4.4 Neutral Meson Mixing
Diquarks, in spite of being charged, through their coupling to the same generation quarks can mediate the mixing
between neutral mesons at tree level. Following the convention in [52], the mixing can be depicted as the six dimension
operator:
Omix = Y
∗ij
d Y
kl
d
m2S
ψ¯kRγ
µψiR ψ¯
l
Rγµψ
j
R
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The 90 % C.L bounds on the corresponding Wilson coefficients[52] is then given as:
K◦ −K◦
∣∣∣∣∣ Y
∗11
d Y
22
d
4
√
2GFm2S
∣∣∣∣∣ < 2.9× 10−8
B◦
d
−B◦
d
∣∣∣∣∣ Y
∗11
d Y
33
d
4
√
2GFm2S
∣∣∣∣∣ < 7.0× 10−7
B◦s −B◦s
∣∣∣∣∣ Y
∗22
d Y
33
d
4
√
2GFm2S
∣∣∣∣∣ < 3.3× 10−5
5 Numerical Analysis and Discussion
Before we present the results, we discuss the bounds on the scalar masses obtained from collider experiments. The
collider experiments provide direct limits on the leptoquark mass when they decay to leptons and quarks in the
final state. There are many studies in the literature where different signatures have been discussed[53, 54, 30].
The leptoquarks can be pair produced from gg and qq¯ as initial state or singly produced at hadron colliders via
g + q → S3L + lepton. Recent studies at ATLAS[55] and CMS[56] with 13 TeV data puts a bound on the scalar
leptoquark mass, mL > 1, 1.2(ATLAS), 0.9(CMS)TeV when decay to u e, c µ and t τ with 100% branching fraction,
respectively at 95 % C.L. The previous results[57, 58] at 8 TeV from the search of single leptoquark production are
of order 0.65TeV for final state c µ. Taking cue from these studies, we take mL > 1.5TeV in our analysis.
Similar to the Leptoquarks, Diquarks can be looked at the LHC through dijets in the final state. The recent
studies at CMS on dijets final states rules out scalar diquarks of mass smaller than 6TeV. However, these limits
are derived for E6 diquark which couples with an up-type quark and a down-type quark[59]. These limits are very
sensitive to the assumptions of decay branching fractions as well as the flavor dependent coupling strengths. Also,
the diquark in the present work couples only to down-type quarks. This leads to a decrease in the flux factor and
hence the crossection and thereby the bounds on mS would be lower. Hence, we take mS ∈ [5 : 20] TeV in our
analysis.
With this mass range of scalars, we randomly generate a sample of diquark couplings satisfying the constraints
discussed in section 3. For mS ∈ [5 : 20] TeV, the B → πK fit requires Y 12,13d to be greater than 0.1. Thus, we
generate these couplings randomly in the range [0.1 : 1]. We fix Y 23d of the order 10
−2 and Y 33d is randomly generated
in the range [10−4 : 10−2]. The small value of Y 33d is required to generate small neutrino mass because the Y
33
d
coupling is always multiplied to the square of bottom quark mass when mass matrix, in the equation 4, is solved. For
the remaining Y ijd , i.e, Y
11,12
d , we scan in the range [10
−5 : 1]. Except for Y 23d , other diquark couplings are assumed
complex. It should be noted that the signs of the couplings are randomly assigned with equal probabilities being
positive or negative in the whole calculation.
As for the leptoquark case, Y 2il couplings(real) are generated randomly in the range [10
−5 : 1]. With the obtained
sets of couplings, we calculate the strength of remaining leptoquark couplings, for randomly generated LQ mass, from
equation 4 to get the correct neutrino masses. The symmetric neutrino mass matrix in the equation 4 represents six
independent equations as six independent parameters (given in Table 3) are obtained from the neutrino oscillation
experiments. Throughout the analysis, we have kept Majorana phases to be 0, and have employed the 2σ ranges
for the neutrino mixing parameters for Normal Hierarchy from Ref.[60, 61]. Finally, those sets of LQ couplings are
selected that satisfy all the constraints in section 3. The results for the LQ couplings are given in Fig.3.
The pattern in the lower limit of Y 22,23l coupling is mainly decided by b → sℓ+ℓ− anomalies whereas the DQ
couplings, Y
12/13
d , does not contribute significantly to neutrino mass calculations and thereby leptoquark parameter
space as Y
12/13
d comes with the product of down and strange/bottom quark masses in equation 4, and the down
quark mass is very small.
We compare our results for leptoquark coupling with the results given in [31] and [62], and find them consistent.
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δm2 7.07− 7.73× 10−5eV2
sin2 θ12 0.265− 0.334
|∆m2| 2.454− 2.606× 10−3eV2
sin2 θ13 0.0199− 0.0231
sin2 θ23 0.395− 0.470
δ/π 1.00− 1.90
Table 3: Neutrino data with 2σ deviation for Normal Hierarchy[60, 61].
A few benchmark points(B.P) are given in Appendix A. For these B.P, we present branching ratios for the rare
decays in Table 4 following the calculations in Ref. [46]. The branching ratios are rather small and it will be difficult
to observe these decays in ongoing experiments. Our analysis shows that the B anomalies and the neutrino masses
can all be accommodated in a consistent framework.
 0.01
 0.1
 0.01  0.1
|Y
d
1
3
/m
S
|(
T
e
V
−
1
)
|Yd
12
/mS|(TeV
−1
)
Figure 2: The correlation between
|Y 12d |
mS
and
|Y 13d |
mS
within 1σ range. The shaded area corresponds to mass range
mS ∈ [5 : 20]TeV.
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Figure 3: Parameter space scan in Y ijl -mL plane.
B.P BR(B± → φπ±) BR(B0 → φπ◦) BR(B0 → φφ)
A 1.45 ×10−10 7.2 ×10−11 1.45 ×10−12
B 6.5 ×10−14 3.2 ×10−14 6.5 ×10−16
C 1.19 ×10−12 5.95 ×10−13 1.19 ×10−14
Table 4: Branching ratios obtained with the couplings that can produce required neutrino mass and also satisfy the
constraints coming from the B → πK puzzle.
6 Conclusion
In conclusion we have discussed a unified framework to provide solutions to three problems. They are the anomalies in
b→ sµ+µ− measurements, nonleptonic B → πK decays and the issue of generating neutrino masses and mixing. Our
framework contained a scalar triplet leptoquark, a scalar color sextext diquark and also, possibly, a color antitriplet
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diquark. We considered several low energy as well as collider bounds on the leptoquark, diquark couplings and
masses. For the leptoquarks these low energy observables included the b → sℓ+ℓ− measurements. The solutions to
the B → πK puzzle provided constraints on products of the diquark Yukawa couplings. We then checked that the
correct neutrino masses and mixings were reproduced with the allowed couplings of the leptoquarks and diquarks.
We also predicted the branching ratios for a few rare B decays whose observations could signal the existence of
diquarks. However, we found the branching ratios of these decays to be unobservably small.
Acknowledgments: We thank Ernest Ma for suggesting this problem. DS acknowledges the computing
facility provided under SERB, India’s project grant no. EMR/2016/002286 and thanks UGC-CSIR, India for financial
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A Appendix
ψc = Cψ
T
ψ
c
= (ψc)†γ0 = −ψTC−1
(γµ)T = −C−1γµC
C−1 = C† (38)
H = Y ijd d
c
iαPRdjβS
αβ
H† = Y ij∗d d
†
jβPR(−dTiαC−1)†S∗αβ
= −Y ij∗d djβPL(γ0Cd∗iα)S∗αβ
(39)
Integrating out diquark
Heff = −Y 13d d
c
αPRbβS
αβ ⊗ Y 12∗d s†βPR(−dTαC−1)†S∗αβ
= −Y
13
d Y
12∗
d
m2S
d
c
αPRbβsβPL(γ
0Cd∗α)
=
Y 13d Y
12∗
d
2m2S
d
c
αγ
µPL(γ
0Cd∗α)sβγµPRbβ
=
Y 13d Y
12∗
d
2m2S
sβγµPRbβ
[−dTαC−1γµPL(γ0Cd∗α)]
= −Y
13
d Y
12∗
d
2m2S
sβγµPRbβ
[
dTαγ
µTPTL (γ
0Td∗α)
]
= −Y
13
d Y
12∗
d
2m2S
sβγµPRbβ
[
d†αγ
0PLγ
µdα
]T
=
Y 13d Y
12∗
d
2m2S
sβγµPRbβdαγ
µPRdα (40)
Because Sαβ is symmetric/antisymmetric there is an additional factor of 2. In other words S12 can contract with
S12 and S21.
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B Appendix-Benchmark Points
• BP A:
mL = 3.5TeV, mS = 5TeV
Yl =


1.40× 10−4 + i3.24× 10−4 5.02× 10−3 + i8.9× 10−3 3.7× 10−3 + i3.26× 10−2
1.37× 10−3 + i2.83× 10−4 1.81× 10−1 2.44× 10−2
5.03× 10−4 + i3.12× 10−3 1.4× 10−1 + i3.31× 10−2 1.1× 10−2 + i4.5× 10−2


. (41)
Yd =


1.68× 10−4 4.6× 10−1 + i1.22× 10−1 4.64× 10−1 + i1.3× 10−2
4.6× 10−1 + i1.22× 10−1 2× 10−1 0.01
4.64× 10−1 + i1.3× 10−2 0.01 −1.42× 10−4 + i2.5× 10−4


. (42)
(Mν)ee = 4.53× 10−3eV
• BP B:
mL = 7.5TeV, mS = 6TeV
Yl =


1.03× 10−4 + i7.8× 10−3 8.2× 10−3 + i1.2× 10−2 1.87× 10−2 + i1.11× 10−2
1.32× 10−3 + i3.2× 10−4 2.15× 10−1 9.5× 10−2
7.56× 10−4 + i1.91× 10−3 1.23× 10−1 + i1.25× 10−1 3.2× 10−2 + i1.51× 10−2


. (43)
Yd =


1.38× 10−4 6.28× 10−2 + i3.6× 10−1 5.1× 10−1 + i2.12× 10−2
6.28× 10−2 + i3.6× 10−1 1.8× 10−1 0.01
5.1× 10−1 + i2.12× 10−2 0.01 −1.4× 10−3 + i3× 10−4


. (44)
(Mν)ee = 1.55× 10−3eV
• BP C:
mL = 5.0TeV, mS = 7.5TeV
Yl =


5.1× 10−3 + i2.63× 10−4 4.6× 10−2 + i5.2× 10−2 3.3× 10−3 + i1.1× 10−2
7.26× 10−4 + i1.55× 10−3 2.42× 10−1 4.3× 10−2
1.57× 10−3 + i1.64× 10−3 1.24× 10−1 + i1.06× 10−1 1.32× 10−2 + i1.0× 10−2


. (45)
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Yd =


1.2× 10−4 3.04× 10−1 + i7.3× 10−1 5.1× 10−1 + i1.79× 10−1
3.04× 10−1 + i7.3× 10−1 7.2× 10−1 0.01
5.1× 10−1 + i1.79× 10−1 0.01 −1.43× 10−2 − i5.11× 10−3


. (46)
(Mν)ee = 1.01× 10−3eV
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